We examine the implications of singlet-doublet Higgs mixing on the properties of a Standard 
I. INTRODUCTION
A natural way to explain the smallness of the higgsino mass parameter in the minimal supersymmetric standard model (MSSM) is to promote it to a SM singlet S so that the superpotential includes a coupling λSH u H d . This leads to the next-to-MSSM (NMSSM) [1] , which however generally suffers from the tadpole [2, 3] and domain-wall [4, 5] problems once one adds self-interactions of S to avoid a visible axion. In particular, the tadpole problem makes it difficult to embed the NMSSM into a grand unified theory.
We have recently pointed out in Ref. [6] that all the problems arising due to the SM singlet S can be avoided when the NMSSM is extended to incorporate the Peccei-Quinn (PQ) symmetry solving the strong CP problem [7, 8] . The PQ symmetry protects S from acquiring large tadpoles. Furthermore, the domain-wall problem is resolved by introducing an appropriate number of PQ messengers or considering the situation where the saxion is displaced far from the origin during inflation. In the PQ-invariant extension of the NMSSM (PQ-NMSSM), S plays the role of a messenger that connects the PQ sector with the visible sector. This is done through its non-renormalizable coupling with a SM singlet responsible for spontaneous PQ symmetry breaking at a scale much higher than the electroweak scale.
Such non-renormalizable coupling generates a small effective tadpole for S. As a result, the electroweak scale originates from the SUSY breaking scale and the axion decay constant.
Another interesting property is the existence of a relatively light neutralino dominated by the singlino.
The inclusion of S modifies the Higgs and neutralino sectors, and opens the possibility to have singlet-doublet Higgs mixing. Such mixing increases the mass of the SM-like Higgs boson when the lightest Higgs boson is singlet-like [9] . It should be noted that the mixing effect is important even in the region with large tan β and small λ, where the NMSSM tree-level contribution to the Higgs quartic coupling and thus to the Higgs boson mass is negligible. The PQ-NMSSM, in which quadratic and cubic terms in S are forbidden by the PQ symmetry, includes a light singlino-like neutralino. This results in that the Higgs sector has a different phenomenology from other NMSSM models because, if kinematically allowed, the Higgs bosons and the Z boson invisibly decay into a pair of neutralinos through couplings proportional to λ. Furthermore, the Higgs quartic coupling can receive additional sizable radiative corrections involving the Yukawa interaction, Higgs-higgsino-singlino [6] . In this paper, we examine the implications of the Higgs mixing on the properties of a SM-like Higgs boson by combining the experimental constraints placed on the singlino-like neutralino and the lightest Higgs boson.
The recent ATLAS and CMS data hint the existence of a SM-like Higgs boson with mass around 125 GeV [10] . To account for this, one needs a particular mechanism of SUSY breaking giving large stop mixing or an extension of the MSSM for superparticles having masses around a TeV as suggested by the gauge hierarchy problem [11] .
1 Thus, the singletdoublet Higgs mixing may be crucial for achieving a 125 GeV Higgs mass without invoking large stop mixing. The Higgs mixing needs to be small in order for the Higgs signal rate at collider experiments to be close to the SM prediction. Nonetheless, we find that it can still increase the Higgs boson mass by more than a few GeV while avoiding the experimental constraints.
In the next section, we briefly discuss the properties of the PQ-NMSSM and the effects of the singlet-doublet Higgs mixing. To see the impacts of the Higgs mixing, we construct a low energy effective theory assuming that the MSSM superparticles except the higgsinos have masses around a TeV. In section 3, we explore the properties of the singlino-like light neutralino, on which the LEP experiments put constraints. Finally, in section 4, we discuss how large the Higgs mixing can be in the PQ-NMSSM and how much it can increase the mass of a SM-like Higgs boson. Section 5 is devoted to discussion and conclusions.
II. PQ-INVARIANT EXTENSION OF THE NMSSM
The PQ-NMSSM is obtained by extending the NMSSM to incorporate the PQ solution to the strong CP problem, and the SM singlet S added to the Higgs sector connects the PQ and visible sectors through the operators,
where the PQ symmetry is assumed to be spontaneously broken by another SM singlet X at a scale much higher than the electroweak scale. The κ term induces an effective tadpole for S at ∼ F 2 a /M P l after PQ symmetry breaking and drives S to acquire a vacuum expectation value. Here F a is the axion decay constant, and we drop a PQ-invariant superpotential term 
A. Low energy effective action
The scalar potential for the extended Higgs sector depends on the effective tadpole term of S and the SUSY breaking parameters of S and H u,d , 
where 
where Br(H 1 → bb) is the branching ratio of the corresponding process. On the other hand, the production of H 2 at hadron colliders proceeds essentially through the same processes as those in the SM. However, the Higgs mixing modifies the discovery reach:
which provides the signal rate for the decays of H 2 to SM particles in comparison with the SM case. Here σ(H 2 ) is the cross section for the H 2 production, while σ SM (h) is the Higgs production cross section in the SM. If the Higgs signal rate is measured to be close to the SM prediction, only small mixing is allowed.
The contribution to m H 2 from the singlet-doublet Higgs mixing is estimated by
in which tan θ should be small enough to satisfy the LEP limits on R 0.7. We will return to this point in section IV.
III. SINGLINO-LIKE NEUTRALINO LSP
Having no Majorana mass term, the singlino obtains a small mass through mixing with the neutral higgsinos, and becomes the dominant component of the lightest neutralino χ 0 1 . This opens the possibility that invisible decays of the Z and Higgs bosons into neutralinos are kinematically accessible. Here we assume R-parity conservation. Then, the size of the higgsino component in χ 0 1 is severely constrained by the LEP limit on the invisible Z decay rate. Also, the Higgs production rate at collider experiments is modified.
Let us examine the properties of the lightest neutralino before moving to discuss the Higgs properties. We note that the neutralino properties discussed here are independent of the details of the Higgs sector. In the low energy effective theory, the neutralino sector is comprised of two neutral higgsinos and the singlino,
where i = (1, 2, 3), and we are assuming that gauginos are heavy and decouple below the SUSY breaking scale. The lightest neutralino couples to the SM particles through its higgsino component, whose size depends on ǫ ≡ λv/µ and tan β. The relevant neutralino interactions
where s and h are the CP-even neutral Higgs boson coming from S and H, respectively, and
) is the four-component spinor. The neutralino couplings read [11] ,
at the scale m soft .
For ǫ = λv/µ ≪ 1, we find the neutralinos to be
, (16) with masses given by
where we have ignored higher order terms in ǫ and small mixing with the gauginos. Thus, χ 0 1 is the lightest superparticle (LSP) for small ǫ, and becomes lighter as tan β grows. For gauginos with mass much larger than µ, the lightest chargino χ ± 1 originates mainly from the charged higgsino. Thus, the LEP bound on the chargino mass demands µ 100 GeV. In the case under consideration, the next-to-LSP (NLSP) is either χ 0 2 or the higgsino-like chargino χ ± 1 . The 1-loop correction to the chargino mass is dominated by that from gauge boson loops, which is about a few hundred MeV [24] . As being higgsino-like, the chargino dominantly decays through the interaction W − χ exceed the experimental bound on the invisible decay rate of Z [26, 27] . This requires
which translates into
for ǫ ≪ 1. The above constraint becomes strong at large tan β, where we thus need a small λ or large µ. For µ 100 GeV as required by the chargino mass bound, the decay Z → χ is kinematically forbidden.
LEP has placed constraints also on the neutralino production rate [28] . Having higgsino components, neutralinos are produced at e + e − colliders through Z exchange in the s channel.
For µ much smaller than the neutral gaugino masses, production processes through the exchange of selectron in the t and u channels are negligible because of a small coupling for the higgsino-electron-selection Yukawa interaction. These processes are further suppressed when the sleptons are heavy. The LEP bound on e + e − → χ
putting constraint on the size of g 11, 12 . If µ is large enough to kinematically allow the decays of χ 
with couplings given by
whereã is the axino, and a is the axion. The Cã interaction comes from the κ term, while the other is the effective interaction for the goldstino componentG 1/2 of the gravitino [31] for the case that the gravitino mass m 3/2 is smaller than m χ 0
1
. If the axino or the gravitino is the LSP, χ 0 1 will decay with a very long lifetime. Such late decay of χ 0 1 would cause another cosmological problem because the produced LSP becomes a hot dark matter component, whose energy density is severely constrained by the CMBR and structure formation [32, 33] . 3 See Refs. [29, 30] for the case with not so small ǫ. In such case, χ 0 1 obtains a mass larger than a few ten GeV, and its thermal relic abundance can be consistent with the observed amount of dark matter.
It would be possible to avoid the bound on the hot dark matter abundance for a tiny LSP mass. Then, the LSP, produced not by the late decay of χ 0 1 , and the axion can constitute the cold dark matter of the universe.
On the other hand, if R-parity is conserved and χ 0 1 is the LSP, to avoid the LSP overproduction, one needs a sufficiently low reheating temperature or a mechanism of late entropy production. Indeed, in the PQ-NMSSM, it is plausible that the saxion potential energy dominates the universe as it has a very flat potential lifted by SUSY breaking. Let us assume such a case and examine the LSP production processes. In the absence of the κ term, the main decay mode of the saxion σ is generally σ → aa. However, the κ term induces the interactions of σ, as well as ofã, with the NMSSM particles through kinetic mixing of the scalars and fermions in X and S:
The saxion couplings to SM particles are ∼ λm soft /F a for m 2 0 ∼ m 2 soft , and are crucial for suppressing the branching ratio of the saxion decay into axions [34] . The LSP is produced by thermal and non-thermal processes. For thermally produced LSPs not to overclose the universe, the saxion decay temperature should be low enough. On the other hand, nonthermal production proceeds through the interaction σχ 
IV. HIGGS SECTOR
In this section, we explore quantitatively the implications of singlet-doublet Higgs mixing on the mass and the production rate of a SM-like Higgs boson in the case where the lightest Higgs boson is dominated by the singlet scalar.
A. Higgs properties
Let us first examine the Higgs properties within the effective low energy theory below m soft . From the Higgs potential (4), it is straightforward to get
Here radiative contributions to M 2 hh are easily evaluated by solving the renormalization group (RG) running equation of the Higgs quartic coupling λ H in the effective theory [35, 36] . The RG running is affected by the singlet and neutralinos when they are light. On the other hand, the CP-odd neutral Higgs boson A originates from the singlet scalar and obtains mass,
which differs from M 2 ss due to the contribution from f mix . The main purpose of this work is to explore if the model can accommodate H 2 around 125 GeV for a singlet-like Higgs H 1 having mass above about 80 GeV, below which, as we will see, only small mixing is allowed. In such a case, the decays of H 1,2 into SM particles are dominated by those into bb and V V * where V = (W, Z). Since the processes are mediated via the h component, one finds the decay rates to be
in which Γ SM (m H i ) is the decay rate of h → SM obtained for a SM Higgs boson h having mass m H i , in the limit of no mixing with s. In addition, because the singlino-like neutralino is very light, invisible Higgs decays are possible:
for i ≥ j, where neglecting the mass of χ 0 1 we have k
≃ 1/2 and k
if the corresponding process is kinematically allowed. The Yukawa couplings responsible for the Higgs decays into neutralinos read 
where c H 1 ≃ 2 + ǫ cot θ and c H 2 ≃ 2 − ǫ tan θ for ǫ ≪ 1, neglecting the masses of the final states. The branching ratio for the invisible Higgs decay is essentially determined by the above quantity, which increases as tan β decreases and ǫ grows for given tan θ. The invisible channel of H 1 relaxes the LEP constraints on it, but that of H 2 reduces the Higgs signal rate compared to the SM prediction.
B. Effects of Higgs mixing
Taking into account various constraints on the model parameters, we investigate how much the Higgs mixing can contribute to the mass of the SM-like Higgs H 2 , which is assumed to be around 125 GeV as hinted by the recent ATLAS and CMS data [10] . The Higgs mixing should be small in order for the signal rate of H 2 decays into SM particles to be near what is predicted by the SM. 4 Here we focus on the region with R SM H 2 larger than 0.7. In the analysis, it is convenient to use
4 Large stop mixing can enhance the gluon-Higgs coupling mediated by squarks, altering the rate of the gluon fusion for the Higgs production [37] . However, such effects are non-negligible only when stops are relatively light. For sfermions having masses around a TeV or higher, one can take 1 becomes strong at low tan β while making Higgs searches difficult. To avoid such a situation, we consider tan β larger than 5. Finally, we take tan θ > 0, which is the case with 2µ > A λ sin 2β, because in order to make the Higgs mixing effect sizable it is preferred that the branching fraction of the invisible decay is large for H 1 but small for H 2 as much as possible. This requires tan θ > 0 as can be seen from (29).
In Fig. 2 , we illustrate the effects of the singlet-doublet Higgs mixing for two cases. In the low energy effective theory below m soft , M hh is determined by the relation M more close to unity, the amount of mass increase by the mixing will be lowered.
5 For simplicity, we use (24) to calculate M 2 hh with λ H evaluated by the use of one-loop RG equations, where we assume the squarks/sleptons and gauginos to have a universal mass m soft . This is sufficient for the purpose of our discussion on how much the singlet-doublet Higgs mixing can increase the mass of the SM-like Higgs boson. Note that higher-loop corrections to M hh , which involve the strong gauge coupling and the Yukawa couplings of the third generation fermions, can induce a shift of a few GeV on the Higgs boson mass [40] .
On the other hand, the mass of the CP-odd Higgs boson A reads
where we have used the relations (24) and (25) . In the parameter space under consideration, if the singlet-doublet mixing yields ∆m H 2 of a few GeV or larger, A has mass, 
to which all the couplings of A to the SM fermions and gauge bosons are proportional.
The Abb coupling ≃ (y b tan β)θ ′ is at most about λy b for B > A λ , but can be similar to or larger than the Aχ 
where g SM i denotes the Higgs coupling in the SM case. The production of a SM-like Higgs boson at the LHC is dominated by the gluon-gluon fusion, to which the top quark loop gives the dominant contribution. Using this property, one can estimate the signal rate for each decay channel of H 2 = s sin θ + h cos θ compared to the SM prediction:
for small values of θ and δ ≡ (α − β + π/2 Hence, for m H 2 = 125 GeV and a moderately large tan β, one finds
assuming that the Higgs invisible decay is weak and the mixing angles θ and δ are small.
Though being a naive estimation, the above shows the general property of the NMSSM that, if δ is positive, the mixing between doublet Higgs bosons enhances the signal rate for γγ and W W * while reducing that for bb [42] . In the case that the lightest Higgs boson is singlet-like, δ is determined mainly by the mass mixing between doublet Higgs bosons h and h ′ ,
for m 
for |δ| ≪ 1. However, the tree-level relation M is larger than A λ as follows from the minimization condition, and A λ ∼ µ tan β is needed to avoid too large singlet-doublet mixing. Hence, when H 1 is singlet-like, the heavier doublet
Higgs will be very heavy for λ 0.52 and µ 260 GeV, making the doublet mixing effect small. However, the situation changes for arg(A λ ) = arg(B κ ) ± π. In this case, depending on the model parameters, the minimum of the Higgs potential can still lie on a point preserving CP. Then, since B is not necessarily larger than A λ , it is possible for the heavier doublet
Higgs to get a relatively small mass so that the doublet mixing can yield a sizable positive δ.
V. CONCLUSIONS
We 
